Functional and anatomic evaluation of penile arterial blood¯ow is essential in the work up of erectile dysfunction. Duplex ultrasonography is an ideal screening modality with cavernosal mean peak systolic blood¯ow velocity being the most sensitive predictor of arterial disease. Arterial variability of the penis may affect sonographic evaluation leading to frequent misinterpretation and therefore pudendal arteriography remains the current gold standard for penile arterial evaluation. Appreciation of the type and frequency of anatomic variants and potential collateral routes is important in interpreting penile arteriograms and in evaluating the hemodynamic signi®cance of suspected arterial disease.
Introduction
An erection develops and is maintained through neurological activity via the internal pudendal sensory nerves and the parasympathetic cavernosal motor nerves. 1 The smooth muscles in the wall of the cavernosal arteries relax in response to parasympathetic stimulation, resulting in arterial dilatation and a rapid increase in blood¯ow to the penis. With increased distention, the small veins that drain the corpora are compressed against the tunica albuginea, thus preventing out¯ow of blood from the dilated corpora and maintaining penile erection. 1±3 Impotence is the inability to achieve and maintain an erection. In patients with normal endocrine balance and normal neurologic function, impotence may be due to arterial insuf®ciency or venous incompetence. Radiologic evaluation of penile arterial anatomy has been widely reported using duplex sonography, pulsed-wave Doppler analysis, and pudendal arteriography. 4, 5 Magnetic resonance imaging and radionuclide imaging to date have a very limited role in the evaluation of vasogenic impotence.
Duplex ultrasonography
Duplex ultrasonography, as originally developed by Lue and associates, is currently being used as a screening modality to assess the anatomic and functional parameters of the pharmacologically stimulated penile circulation. 6 The¯accid penis is initially examined in the transverse axis with a high frequency (7±10 MHz) linear-array transducer, and the cavernosal artery diameter is measured. Cavernosal artery diameter changes and peak blood¯ow velocity are then measured within ®ve minutes after intracavernosal injection of a vasoactive agent such as papaverine or prostaglandin E1. The normal cavernosal artery diameter measures from less than 0.3±0.7 mm. Post injection, the normal artery dilates to a diameter of approximately 1 mm in size. Dilatation of the cavernosal artery of less than 75% is considered indicative of arterial disease. 5 The usefulness of the cavernosal artery diameter pre and post injection in determining arterial insuf®ciency has been somewhat controversial. Studies have shown that patients with arterial insuf®ciency have larger preinjection diameters and less dilatation of the artery following injection, when compared to normal controls. 3, 4, 8 Other studies, however, did not ®nd penile artery dilatation useful in determining arterial insuf®ciency. 5, 7 The most sensitive parameter in identifying patients with arterial insuf®ciency is the mean peak systolic velocity. 5, 7 Normal mean peak systolic velocity ranges from 35±60 cm/s. A peak systolic velocity of 25±35 cm/s indicates mild to moderate arterial insuf®ciency, while measurements less than 25 cm/s correspond to severe arterial insuf®ciency. These latter patients require surgical revascularization or prosthetic implantation. 7 Mellinger and co-workers 9 included the category of penile blood¯ow acceleration time in conjunction with peak¯ow velocity in their evaluation of impotent men. In general, a dampened velocity waveform, with a long systolic acceleration time and a low peak velocity, indicates arterial disease.
Advantages of duplex ultrasonography for both the functional and anatomic evaluation of penile arterial blood¯ow make it an ideal screening imaging modality. It is a non-invasive technique in which ionizing radiation is not involved. It is relatively inexpensive when compared to other modalities, and has been found to be quite accurate. Several reports have compared duplex ultrasonography with pudendal arteriography with contradictory results (Table 1 ). Jarow et al 5 prospectively studied 42 impotent men demonstrating a 77% sensitivity and 85% speci®city with ultrasound evaluation of penile arterial¯ow using pudendal arteriography as the gold standard. Review of the different parameters measured and indices produced from duplex ultrasonography revealed that cavernosal peak blood¯ow velocity is an excellent predictor of arterial disease. This ®nding is in direct contradiction to the results of Rajfer and associates, but is supported by other studies. 10±12 However, there are obvious pitfalls to ultrasonography in the evaluation of vasculogenic impotence. It is highly operator dependent and the vast arterial variability of the penis may affect interpretation. For example, the common penile artery may arise from the terminus of the internal pudendal artery or from an accessory pudendal artery. Also, unilateral absence or hypoplasia of a dorsal artery has been shown in up to 30% of potent volunteers in a series by Bahren et al. 13 It is this variability in penile arterial anatomy that leads to frequent misinterpretations of duplex ultrasonography, and therefore, pudendal arteriography remains the current gold standard for penile arterial evaluation.
The ultrasonographer studies the blood¯ow through the crural segment of the cavernosal arteries at the base of the penis where blood¯ow is greatest. However, blood¯ow through the cavernosal artery at the base of the penis may not represent the total blood¯ow to that corporal body if an anatomic variation is present. This could lead to an underestimation of blood¯ow to the corpora. For example, a cavernosal artery with abnormal¯ow parameters may be visualized at the base of the penis in a patient who has a distal perforating branch from the dorsal artery or contralateral cavernosal artery supplying the majority of blood ow to that corporal body ( Figure 1 ). Abnormal blood¯ow results at the base of the penis is an indication to look distally with the transducer for these perforating arteries. Knowledge of these potential anatomic variations and the use of color ow to help visualize distal perforating arteries should reduce this type of error. In addition, measurement of cavernosal artery velocity may be affected by undue pressure on the phallus with the ultrasound transducer or improper Doppler angle adjustment. In addition, false positive studies may be caused by delayed timing of ultrasound measurements after the administration of vasoactive drugs. 5 
Pudendal arteriography
Penile arteriography is an anatomic rather than a functional study, and is necessary in any patient being considered for penile arterial reconstructive surgery. Appreciation of the type and frequency of anatomic variants and potential collateral routes is important in correctly interpreting penile angiograms and in evaluating the hemodynamics signi®-cance in suspected stenosis. Therefore, high quality selective bilateral penile pharmacoarteriography is mandatory.
In our institution, the arteriographic examination is performed on an outpatient basis, usually under mild conscious sedation. A 5-French pigtail catheter is inserted percutaneously via the right common femoral artery. A survey pelvic arteriogram is obtained in an AP projection to exclude the possibility of proximal lesions, to identify an anomalous origin of the penile blood supply. It also serves as an arterial roadmap for selective catheterization. The catheter is then exchanged for a high-torque, selective end-hole catheter. Once the aortic bifurcation has been crossed, the left internal iliac artery is selectively catheterized, and the anterior and posterior divisions are found in the left posterior oblique projection. Superselective catheterization of the anterior division is desirable for optimal visualization of the internal pudendal artery, however, we have found that the penile arterial anatomy is adequately demonstrated angiographically from the internal iliac trunk. The internal pudendal artery is identi®ed by its characteristic course across the middle of the obturator foramen when in the ipsilateral anterior oblique position. Vasoconstriction frequently encountered in small and medium size arteries can be effectively overcome with direct intrapudendal arterial injections of vasoactive drugs such as nitroglycerin and papaverine. We have found that intracavernosal injection of 60 mg of papaverine is an effective alternative to intraarterial injection of vasodilators, especially if selected catheterization of the internal pudendal artery is not possible. Others have found that arteriographic examinations of the iliopudendal vascular system is improved after intracavernosal injection of a papaverine-phentoalamine drug combination. 12 Extremely anxious patients may not respond appropriately to a vasodilator, and additional sedation may be necessary to relieve some of the anxiety.
Low-osmolar high concentrated contrast agents are used routinely to reduce the discomfort of pudendal injections. The contrast is delivered with the use of a power injector. The penis is draped across the contralateral thigh in a pro®le position so that the dorsal and cavernosal arteries of the penis are not superimposed, and are easily delineated. Filming is performed in the ipsilateral anterior oblique projection. Centering is over the lower aspect of the pubic symphysis as most clinically signi®cant disease involves arteries near the root of the penis. The right internal pudendal artery is then selectively catheterized and arteriography is performed in a similar fashion.
From descriptions found in both vascular and anatomic texts, the following is felt to represent the classic angiographic pattern of penile anatomy. 14, 15 There is bilateral symmetry with a single pudendal artery on each side giving rise to one dorsal penile, one cavernosal, and one bulbar artery (Figure 2 ). Also seen, and considered within the limits of classic anatomy, are transverse root collaterals, a single spongiosal artery, and perforating arteries between the dorsal penile and cavernosal arteries.
Bookstein and Lang 16 analyzed 23 high quality magni®cation pudendal pharmaco-arteriograms in men who were not believed to have arteriogenic impotence in an effort to establish a base of normality against which state-of-the-art penile arteriograms can be assessed. The vascular patterns were highly variable and frequently differed from classic descriptions found in textbooks of anatomy. In fact, this classic pattern described above was evident in only 18% of cases. The frequency of the observed variations in penile arterial anatomy are similar to that reported by Jarow and associates where variant penile anatomy was observed in 83% of pudendal arteriograms in 42 impotent men. 5 Normal variants of penile arterial anatomy can easily be confused with arterial occlusion. These include a unilateral origin of all cavernosal branches, unilateral hypoplasia of a dorsal penile artery, and aberrant origin of bulbar or cavernosal arteries. Variants are listed in Table 2 .
The dorsal penile artery arises from the penile artery between the origin of the scrotal branches and the body of the pubis. It then passes horizontally, curving in a cephalad direction near the root of the penis, and continues as a tortuous artery into the glans penis. A prominent coronal arcade is occasionally visualized. Rotation of the penis is critical as it lies over the thigh. If care is not taken, the dorsal penile artery can be projected above or below the cavernosal artery. The cavernosal artery arises from the penile artery at a variable distance distal to the origin of the scrotal branches and can show great variability in its intrapenile distribution. Numerous tiny perpendicular branches are sometimes seen, representing the helicine arteries, however, only larger longitudinal cavernosal branches can be visualized. Sometimes a single artery traverses the entire length of the penis. Occasionally the cavernosal artery consists of multiple short, rapidly tapering segments, periodically reconstituted by perforating vessels from the dorsal penile artery.
The artery to the bulb of the corpus spongiosum is usually about the diameter of the dorsal penile artery and characteristically arches cephalad to the dorsal penile artery before descending into the region of the bulb. The vessel then abruptly divides into multiple tortuous branches that soon become obscured by the dense bulbar blush.
Differentiation of the cavernosal from the deep penile artery is of clinical importance. 17 These two vessels may sometimes be confused. Bookstein and Lang 16 described nine observations that almost always makes differentiation possible angiographically: (1) Dorsal penile arteries curve cephalad at the root of the penis and cavernosal arteries curve caudad. (2) The dorsal penile artery is usually slightly cephalad of the cavernosal artery as it enters the penis. (3) The dorsal penile artery or its branches can occupy or approach the periphery of the penis, while cavernosal arteries or branches are more central and cannot be projected at the periphery. (4) The dorsal penile artery perfuses the glans. (5) The dorsal penile arteries may communicate behind the glans. (6) The cavernosal artery gives rise to many more intrapenile branches (the helicine arteries) than does the dorsal penile. (7) If the corpora cavernosa stains with contrast material, branches outside areas of stain are probably not cavernosal. (8) Cavernosal arteries may taper more rapidly than dorsal penile arteries. (9) Cavernosal arteries are often interrupted several times as they traverse the long axis of the penis, whereas the dorsal penile artery is usually continuous.
Intrapenile arterial communications de®ne ®ve potential collateral routes that often assume functional importance in patients with intrapenile occlusive disease: (1) Collateral communication from one side to the other (cavernosal artery to cavernosal artery via transverse communicators at the penile root, dorsal penile artery to dorsal penile artery via coronal branches, and dorsal penile artery to dorsal penile artery via cutaneous branches. (2) Dorsal penile artery to cavernosal artery via perforating branches. (3) Cavernosal artery to dorsal penile artery via perforating branches. (4) Cavernosal artery to ipsilateral cavernosal artery via small bridging cavernosal branches, and (5) External pudendal artery to dorsal penile artery. 16 The angiographer must be aware of the presence and signi®cance of these potential collateral pathways in order to avoid the misinterpretation of obstruction. The presence of cavernosal perforating branches from the dorsal penile artery should be considered in the planning of bypass surgery. Bypass grafts into the dorsal penile artery should spare the area of origin of a perforating branch. If the proximal dorsal penile artery is occluded, a bypass graft into the dorsal penile artery can conduct blood effectively into the corpus cavernosum only if the poststenotic perforating branches are suf®cient in size and number.
Failure to image these collateral pathways may be as important as their identi®cation. For example, failure to identify a cavernosal artery on one side, either directly or by collateral circulation, suggests the presence of a variant origin of the cavernosal artery and not an occlusion. Variant origins of the cavernosal artery most often arise from the contralateral pudendal artery, but it may also arise from an accessory pudendal artery, an obturator branch, or some other variant branch.
Magnetic resonance imaging
The appearance of the normal penis and of a variety of penile abnormalities by magnetic resonance imaging has been reported. MRI clearly demonstrate congenital anomalies, penile prosthesis, ®brous tissue or hematoma due to trauma, and ®brous plaques in Peyronie disease. MRI also has been used in the imaging of urethral neoplasms. 18 Satragno et al 19 demonstrated precise morphological differentiation of the penile covering tissues, as well as the vascular characterization of cavernous tissue of the deep arteries and super®cial veins of the penis.
While MRI offers an opportunity to evaluate penile anatomy in three orthogonal planes, its use in the evaluation of arteriogenic impotence has yet to be demonstrated.
Radionuclide imaging
Few good studies have been performed on large numbers of patients to assess the usefulness of radionuclide imaging in the evaluation of erectile dysfunction. Radionuclide evaluation of impotence was introduced and developed by Shirai and Nakamura in the early seventies. 20 This method did not ®nd wide spread clinical application. Fanous et al 21 evaluated 19 impotent men and nine control volunteers. These investigators studied the penis in the¯accid state and made no attempt to induce erection with pharmacologic methods. Nseyo et al 22 evaluated 16 impotent men and three healthy men as controls. In these patients the penis was also studied in the¯accid state. Additionally, both Fanous and Nseyo were able to correlate the results of the radionuclide study with the penile-brachial index. This raises the question for the need of the radionuclide study when the penile-brachial index gives the same information. More recently, a new dynamic radioisotope technique has been developed based on the simultaneous quanti®cation of the change of blood volume and venous out¯ow, using a combination of blood pool and washout studies. This dual-isotope technique using 99-m technetium and 133-xenon may prove to be an important diagnostic study in the evaluation of impotence. 23 
Conclusions
Radiologic evaluation of penile arterial anatomy in arteriogenic impotence has been widely reported. Duplex ultrasonography combined with pharmacoerection is currently the screening modality of choice for the functional evaluation of penile blood ow in impotent men. The most sensitive parameter in identifying patients with vascular insuf®ciency is the mean peak systolic velocity. The vast variability in penile arterial anatomy, however, can lead to frequent misinterpretation of duplex ultrasonography. Therefore, pudendal arteriography remains the gold standard for penile arterial anatomy, and is mandatory for any patient being considered for surgical revascularization. Appreciation of the type and frequency of anatomic variants and potential collateral routes is important in interpreting penile arteriograms and in evaluating the hemodynamic signi®cance of suspected arterial disease.
